Recently we found that viscoelastic phase separation (VPS) is observed not only in polymer solutions, but also in protein solutions and colloidal suspensions. This suggests that VPS may be universally observed in any dynamically asymmetric mixture composed of slow and fast components. Such mixtures are ubiquitous in soft matter. The common feature of VPS is the formation of a transient gel made of the slow components just after a temperature quench into an unstable region of a phase diagram. Transient gelation is induced by deformation fields induced by phase separation itself; thus, it is a self-induced shear-thickening phenomenon. The connectivity of a transient gel causes the stress against diffusion-type deformation upon phase separation and thus leads to a strong coupling between the mechanical stress and the diffusion of particles: phase separation (or diffusion) can proceed only with the local breakup of a transient gel and the resulting loss of the connectivity. We argue that VPS is the fracture process of a transient gel induced by the self-generated mechanical stress due to interparticle attractive interactions. A simple toy model supports this scenario.
Introduction
Phase separation is one of the most fundamental phenomena responsible for the formation of heterogeneous structures in condensed matter and also in nature [1, 2] . It is commonly observed in various kinds of material including metals, semiconductors, simple liquids, and complex fluids such as polymer solutions, colloidal suspensions, emulsions, and protein solutions. Phase separation in condensed matter has so far been classified into two types: solid and fluid phase separation. For the former the only transport process is material diffusion, while for the latter the material can be transported not only by diffusion, but also by hydrodynamic flow driven by the motion of the interface. It has been established that the phase-separation behaviour of solid (or fluid) mixtures can be described in a universal manner within the same category, irrespective of the details of material. This allows us to predict the kinetics of pattern evolution. This predictive power is extremely useful for our material design.
It is known for the above types of phase separation [1, 2] that depending upon the composition of a mixture, phase separation produces either a bicontinuous or droplet pattern. There a pattern coarsens to lower the interface energy and the domain shape is determined by the force acting on the interface. Some time ago, however, we found [3] [4] [5] [6] that phase separation can also produce a network pattern in polymer solutions, contrary to the abovementioned conventional wisdom. In this case, the pattern is selected to satisfy the mechanical force balance condition, reflecting the viscoelastic nature of the polymer-rich phase. This type of phase separation is called 'viscoelastic phase separation (VPS)' [5, 6] . We suggested that the only requirement for the occurrence of VPS is the dynamic asymmetry between the components of a mixture and showed that VPS can also occur in a mixture whose components have very different glass-transition temperatures [7] .
If this scenario is true, the similar phase-separation behaviour should also be observed in other types of soft matter such as colloidal suspensions, since they are a mixture of large particles and small liquid molecules and thus they have intrinsic 'dynamic asymmetry' between the components of a mixture, reflecting their size disparity. Thus, we proposed [8, 9] that VPS should be observed in colloidal suspensions, protein solutions, and emulsions. Indeed, there exist many experimental and numerical pieces of evidence that colloidal suspensions [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , protein solutions [12, 20, 21] , and emulsions [22] [23] [24] [25] form transient gel upon phase separation. However, there were no experimental studies convincingly supporting our argument. Currently, phase separation of these systems is actively discussed in relation to the slow dynamics associated with the glassy nature of a gel-like phase [26] [27] [28] . The relevance of our conjecture, or the importance of viscoelastic effects in a suspension of particles in a liquid, might be questioned due to the following fact: polymers have large internal elastic degrees of freedom, while colloids and proteins do not. The large internal degrees of freedom allow even individual polymer chains to bear mechanical stress under strain fields. In contrast, individual colloidal particles cannot bear any stress. Furthermore, entanglement effects play crucial roles in the rheological behaviour of polymers [29] , but they do not exist in colloidal suspensions and protein solutions. These differences may give an impression that viscoelastic effects are not so important in phase separation of colloidal suspensions and protein solutions.
Very recently, however, we have found that VPS really occurs in colloidal suspensions [30] and protein solutions [31] . Here we review the characteristic features of VPS found in these mixtures and discuss the universal nature of VPS for three different systems: dilute polymer solutions, colloidal suspensions, and protein solutions. We also discuss the origin of viscoelastic effects in these examples, in which entanglement effects play no role, based on the results of our experiments and numerical simulations.
Experimental details

High-speed confocal microscopy observation
We observe a 3D pattern evolution process during phase separation with confocal fluorescent microscopy (Yokogawa Electric Co., CSU21, excitation wavelength 532 nm), equipped with a high-speed CCD camera (Vision Research, Inc., Phantom V4.1) (see figure 1(a) ). We control the confocal microscopy, the camera, the piezo-focusing system (Physik Instrum., E-662 LV), and the electric shutter (Newport Co., 846HP) in a coherent manner by electronic signals (CH1-CH3) from a digital-analogue (DA) convertor of a computer (see figure 1(b) ) to obtain a 2D image (512 × 512) every 1 ms [30] . Figure 1 (c) shows a trajectory of Brownian motion of a colloidal particle (diameter 1.0 µm) suspended in water, which was observed with an oil immersion 100× objective lens. Figure 1 (d) plots the mean square displacement R 2 as a function of t, which was averaged for six measurements. From the relation R 2 = 6D t, we obtain the diffusion constant D as 4.5 × 10 −9 cm 2 s −1 . According to our dynamic light scattering measurements for a dilute suspension of the same colloidal particles, on the other hand, we obtain D = 4.4 × 10 −9 cm 2 s −1 . This indicates that our confocal microscopy is indeed able to directly track the 3D coordinate of a Brownian particle with a time resolution of 50 ms. Our high-speed confocal microscopy allows us to capture a 3D image (consisting of 100 2D images: 409.6 µm × 409.6 µm × 80 µm with a resolution of 0.8 µm) within 100 ms. This ability is essential in obtaining a 3D phase-separation pattern at a certain time without distortion due to motion during the scanning period.
Polymer solutions
The polymer solution used was a mixture of monodisperse polystyrene and diethyl malonate. It was confined in a thin glass cell with a thickness of 10 µm. The phase-separation process was observed with phase-contrast microscopy. The temperature was controlled within ±0.1 K by a computer-controlled hot stage (Linkam LK-600PH) with a cooling unit (Linkam L-600A).
Protein solutions
The protein used was lysozyme (Wako Pure Chem. Ltd),whose molecular weight M w is 14 300. Lysozymes were dissolved in a 50 mM buffer solution of sodium acetic acid and then its pH was controlled to be 4.0 by adding a small amount of HCl to it. We also added NaCl to screen the electrostatic interactions between protein molecules. Here we show results of samples containing 7.5 wt% NaCl. The sample was sandwiched between two cover glasses by using monodisperse glass beads as spacers. For 2D observation, the sample thickness was set to be 10 µm. For 3D observation, on the other hand, it was set to be 50 µm. See [31] for details, including the phase diagram.
For 3D observation, we used EOSIN Y (Polyscience, M w = 691) as the fluorescent dye for lysozyme. Its excitation wavelength is about 520 nm, and its fluorescent wavelength is about 550 nm. It is trapped efficiently in the hydrophobic pocket of the protein. We note that EOSIN Y changes the location of the binodal line. For example, the binodal line was shifted to 43.5
• C from 36
• C at φ = 150 mg ml −1 . This is because EOSIN Y is a salt and it screens the electrostatic interactions between proteins.
Colloidal suspensions
We used fluorescent polystyrene latex particles (Polyscience, monodisperse polystyrene latex containing rhodamine, diameter = 50 nm) as charged colloids, and NaCl as a salt. The observation was made with the above-mentioned confocal microscopy system. For microscopy observation, we matched the density of colloids (1.05 g cm −3 ) with that of a salt solution by appropriately mixing H 2 O (1.00 g cm −3 ) with D 2 O (1.10 g cm −3 ) to avoid the gravity effects and prevent sedimentation. Then the phase separation is initiated by injecting salt into a sample. This is practically realized by contacting the bottom surface of a sample cell (thickness = 0.1 mm), which is made of an osmotic membrane, to an aqueous salt solution in the large reservoir at t = 0. This osmotic salt injection method enables us to initiate phase separation homogeneously without inducing flow. The characteristic time of salt diffusion over the cell is estimated to be ∼10 s, using the salt diffusion constant of ∼80 × 10 −7 cm 2 s −1 . This is fast enough to study the initial stage of phase separation. Phase separations in a colloidal suspension have so far been initiated by directly mixing it with either a polymer solution (for a colloid-polymer mixture) or a salt solution (for a charged colloidal suspension). It takes a rather long time to homogeneously mix them and, furthermore, flow induced by mixing strongly disturbs pattern evolution. Thus, it has been quite difficult to study the initial stage of phase separation. Our new method allows us to investigate the initial stage of phase separation without suffering from these problems. The interactions between colloids can be controlled by the amount of salt injected. According to the DLVO theory [10] , the energy barrier for aggregation is estimated as ∼12 k B T for φ s = 1.0 wt%, ∼1 k B T for φ s = 5.0 wt%, and it disappears for higher φ s . Once this barrier is overcome, the particles strongly attract each other with an energy of ∼20 k B T . See [30] for details, including the phase diagram.
Experimental results
Polymer solutions
The phase-separation process observed in a dilute polymer solution under a deep quench is shown in figure 2(a) . See also [32] and the supplementary video of [30] . Just after the quench, polymer-rich droplets are first formed by droplet spinodal decomposition and then their aggregation leads to the formation of a 'mesoscopic' network structure. We note that this two-step formation of a transient gel is different from the one-step transient gel formation observed in a nearly critical polymer solution. Reflecting this two-step process, the thickness of network arms is comparable to the size of initially formed droplets. The interface of the network is rather rough, reflecting this two-step process. Since polymer-rich balls are formed prior to network formation (or transient gel formation), the process resembles the network formation of colloidal suspensions (see figure 2(c) and below).
Protein solutions
The phase-separation behaviour in a quasi-2D geometry is shown in figure 2(b) , while that in a 3D sample is shown in figure 3 . We can clearly see the network formation of the protein-rich phase. In the video (see supplementary information), we show the phase-separation process of a protein solution (150 mg ml −1 lysozyme and 7.5 wt% NaCl). The quench depth from the binodal temperature was 1.5 K. The scale bar corresponds to 50 µm. Here the frame rate is accelerated by a factor of 4.
For a protein solution, a transient gel also seems to be formed by two steps, as in the case of the above dilute polymer solution: first small droplets are formed and then subsequently they form a network by their aggregation. In the early stage, the interface of the network is rough, but in the late stage it gradually becomes smoother due to the action of the interface tension. In the coarsening process, we can clearly see that the network coarsens to satisfy the mechanical force balance condition. The elementary process of network coarsening is the breakup of the backbone of the network. The coarsening proceeds by repeating the following process: the stress concentration on a weak part of the network, its breakup, and the resulting viscoelastic relaxation towards the metastable configuration satisfying the local force balance.
Colloidal suspensions
The phase-separation behaviour in a quasi-2D geometry is shown in figure 2(c) , while that in a 3D sample is shown in figure 4 . We can also see the network formation of the colloid-rich phase and its temporal coarsening. Our numerical simulation study suggests [33] that hydrodynamic effects between particles may help the formation of a transient gel (or percolation network).
To characterize this, we estimated the fractal dimension d f from the relation N(R) ∝ R −d f by counting the number of lattices belonging to particles N(R) contained in a sphere of radius R. The d f is 2.0-2.4 at a short distance, but it tends to be 3 at a long distance, which means that the structure is isotropic at a large distance.
In the above case, the depth of the attractive potential may be far beyond 10 k B T (k B : Boltzmann's constant; T : temperature). This may give an impression that the network may be permanent and should not coarsen with time. However, we emphasize that the action of mechanical stress may entirely change the situation. The effective potential can be lowered by the elastic energy stored by the deformation of the backbone [8, 9] . The excess energy stems from the interactions among many particles on the interface. Thus, if it is concentrated on a few particles in a weak part of the network, the elastic energy can easily exceed the local adhesive energy supporting that part. Note that larger adhesive energy means larger interfacial energy and larger elastic energy. This mechanism leads to successive breakage of the stress-bearing backbone so long as the self-generated stress is strong enough to break up the backbone. The origin of the mechanical stress is the attractive interaction among particles. 
Universality and the origin of viscoelastic effects
As shown in figure 2 , the patterns observed in dilute polymer solutions, protein solutions, and colloidal suspensions and their temporal changes are strikingly similar to each other. This strongly suggests that (i) the network-forming phase separation observed in protein solutions and colloidal suspensions should be classified as VPS, and (ii) VPS may be universal for any dynamically asymmetric mixtures. These results also suggest that the formation of a transient gel is crucial for VPS. Transient gelation is a consequence of large size disparity between the components of a mixture. It can be understood as shear thickening due to deformation fields induced by phase separation itself. It is the connectivity in this transient gel that prevents simple diffusion-dominated phase separation. We emphasize that the viscoelastic properties originate from the connectivity of a transient gel itself. This means that an individual particle need not have elastic degrees of freedom. This may be the case for colloidal suspensions. Although polymers and proteins have elastic degrees of freedom, they first form droplets and the transient gel is subsequently formed by aggregation of these droplets. Thus we may say that the viscoelastic nature of the phase separation described in this paper mainly stems from the viscoelastic properties of a transient gel itself rather than those of individual molecules. Since viscoelastic effects play a key role in phase separation of these mixtures, the phase-separation behaviour may be classified as VPS [8, 9, 30] .
Physical factors separating a transient gel from a permanent gel
Here we briefly discuss what physical factors separate a transient gel from a permanent gel, since we observe both types of gel state for protein solutions and colloidal suspensions. We note that we observe only a transient gel for the polymer solution; in other words, the polymer-rich phase behaves as liquid in the final stage. For both protein solutions and colloidal suspensions, an apparently permanent gel appears in a higher concentration of the slow component and in a lower (effective) temperature than a transient gel. The former is related to the stored elastic energy upon the formation of a network structure: the lower the concentration is, the higher the initially stored elastic energy is and thus a network cannot be stable. The latter, on the other hand, is related to the relative strength of the interparticle adhesion energy: the lower the temperature is, the stronger the adhesion force is. Thus, a network may be stable. These two factors naturally explain why a transient gel is formed at a lower concentration and a higher temperature. This simply tells us that if the elastic stretching force wins over the adhesion force, a network cannot support the stress and breaks up eventually. This scenario suggests that there is a possibility that a transient gel transforms into a permanent gel in the late stage of phase separation when the adhesion force wins over the stretching force; before the ergodic-tononergodic transition the coarsening can proceed, but after that the phase-separation structure is frozen. Such behaviour is indeed observed in protein solutions [31] . This problem will be discussed in more detail in the future.
A toy model supporting our scenario
As discussed above, the key of VPS is a transient gel state, which is characterized by the connectivity of the slow components and the stored elastic energy. Thus, we express a transient gel state by coarse-grained Brownian particles connected by disconnectable springs, which are under tension [34] . We employ a Brownian dynamics simulation since we deal with coarse-grained effective particles immersed in a solvent in the overdamped limit. Effects of the solvent are represented by a hydrodynamic drag force and a random Brownian force acting on particles. The equation of motion for particle i is then given by
where r i is the position of particle i and ζ represents the friction constant. ξ i is the thermal noise force, which satisfies the fluctuation-dissipation theorem. We assume that particles interact not only with the Lennard-Jones potential, but also via the disconnectable spring:
(k being a spring constant). The latter interaction mimics the connectivity of a transient gel.
Our spring is disconnected probabilistically with a rate p(l) (l being the length of a spring) that increases with an increase in the mechanical stress. Thus, the elementary coarsening process of this spring network is the stress concentration on a weak part, its disconnection, and the relaxation to a metastable configuration. The coarsening proceeds by repeating this process.
The details of the model and the results will be described elsewhere [34] . Here we just show the 3D coarsening process of a network of disconnectable springs storing the elastic energy. Although the model may be too simplistic, it captures the essential process of the coarsening of VPS and thus the pattern captures the important features of the network during the coarsening. This simulation result supports our scenario that VPS is the fracture process of a transient gel induced by the self-generated mechanical stress due to interparticle attractive interactions.
Summary
We demonstrated by both experiments and simulations that transient gelation and the resulting connectivity of the slow components of a mixture are essential for VPS. Dynamic asymmetry, or, more specifically, size disparity, of the components of a mixture is the cause of transient gelation and thus VPS. Nature selects a pathway of forming a stress-bearing configuration of the slow components of a mixture upon phase separation. This novel kinetic pathway of phase separation may play crucial roles in our basic understanding of complex phase ordering of soft matter, including foods and biological systems. VPS is not limited to polymeric mixtures, but is universal to any dynamically asymmetric mixtures including protein solutions and colloidal suspensions, as shown in this paper: the viscoelastic nature of the component of a mixture itself is not necessary for the occurrence of VPS. We note that the necessary condition for aggregation and gelation is the size asymmetry between the components. Our study may shed new light on the relationships among aggregation, phase separation, and gelation. VPS may play crucial roles in network formation in nature and condensed matter, particularly, in soft and bio-matter.
